Inducible costimulator (ICOS) is expressed on activated T cells and plays a key role in sustaining and
Salmonella enterica serovar Typhimurium causes a disease in mice that is similar to typhoid fever in humans (28) . Upon infection, the bacteria quickly spread to the spleen and liver. Innate immune responses play a major role in the initial stages of infection. Eventually, adaptive immune responses develop, resulting in clearance of S. enterica serovar Typhimurium. CD4 T cells have been shown to be the principal cell type involved in clearing the bacteria, but CD8 T cells and antibodies also contribute (15, 28, 34, 40) . Costimulation is important for this response, as shown by the failure of CD28 Ϫ/Ϫ mice to control Salmonella infection (29) . However, the effect of inducible costimulatory molecules in Salmonella infection has not been addressed previously.
Inducible costimulator (ICOS) is a member of the CD28/ CTLA-4 family. It is expressed on activated T cells, and there is slightly higher expression on CD4 T cells than on CD8 T cells (16) . The ICOS ligand, ICOS-L (also known as B7RP-1, B7h, GL-50, or LICOS), is expressed on B cells and macrophages (1, 5, 6, 41, 48) . The effects of ICOS-ICOS-L interactions have been studied by blocking the interaction using ICOS-immunoglobulin (Ig) or a neutralizing anti-ICOS antibody and, more recently, by using ICOS Ϫ/Ϫ or ICOS-L Ϫ/Ϫ mice (8, 23, 24, 42) . The initial studies suggested that ICOS is primarily involved in Th2 responses, but other studies revealed an additional role for ICOS in Th1 responses (3, 8, 11, 18, 24, 30, 31, 38, 42, 45) . In the absence of ICOS signaling, no serum IgE was detected, and there were fewer and smaller germinal centers, as well as defects in antibody class switching, T-cell proliferation, and cytokine production (8, 24, 42) . While CD28 is important in the priming of T-cell responses, ICOS appears to play a role later in the response, maintaining effector T-cell responses (10, 39) . The finding that ICOS is important at later times than CD28 prompted us to examine the role of ICOS in a prolonged infection model, such as systemic infection of mice with Salmonella. In order to monitor CD4 and CD8 responses to infection, we used an S. enterica serovar Typhimurium strain expressing chicken ovalbumin (OVA) (Salmonella-OVA). The immune response to Salmonella-OVA in mice was dependent on ICOS for IgG2a responses, as well as for Th1 and CD8 T-cell responses. In addition, ICOS Ϫ/Ϫ mice showed pronounced splenomegaly and increased bacterial loads at late times compared to wildtype (WT) mice. Thus, ICOS appears to be an important mediator of immune responses in this model of prolonged intracellular bacterial infection.
of infection (44) . C57BL/6 and Sv129 mice have different Nramp1 genotypes, resulting in different 50% lethal doses, kinetics of the immune response, and bacterial loads (19, 36) . ICOS Ϫ/Ϫ mice were generated from Sv129-derived embryonic stem cells and back-crossed into the C57BL/6 background (42) . Because of the close proximity of the ICOS and Nramp genes, ICOS Ϫ/Ϫ mice were typed by PCR and found to have the Nramp1 r phenotype (data not shown). The Nramp-1 genotype was determined by PCR as described previously (2) . Briefly, a fragment was amplified from the DNA of C57BL/6, (C57BL/6 ϫ Sv129) F1, and ICOS Ϫ/Ϫ mice using primers 5Ј-CCCCCATCTATGTTATCACCC-3Ј and 5Ј-CAATGGTGATCAGTACAGCG-3Ј. The product amplified from the wildtype allele contained an HhaI site, which was absent from the inactive mutant form. The PCR product was precipitated with 2.5 volumes of ethanol, redissolved in 20 l of HhaI buffer (New England Biolabs), and incubated at 37°C for 1 h with 10 U of HhaI. The DNA was then analyzed on a 1.5% agarose gel. The wild-type allele gave a 266-bp fragment, which was readily distinguished from the 285-bp fragment obtained from the null allele (data not shown). Because ICOS Ϫ/Ϫ mice with the Sv129 background were not available, we used the back-crossed ICOS Ϫ/Ϫ mice with the C57BL/6 background together with (C57BL/6 ϫ Sv129) F1 controls that had the dominant Nramp1 r phenotype. To further validate this choice of a control strain, we compared the immune responses of (C57BL/6 ϫ Sv129) F1 mice to the immune responses of C57BL/6 mice in our model. Adaptive immune responses developed with the same kinetics in the C57BL/6 and WT strains, with the peak responses at day 21, and the magnitudes of the responses were similar, although the CD57BL/6 mice exhibited marginally but consistently smaller responses than the F1 mice. We also compared ICOS Ϫ/Ϫ mice with C57BL/6 mice in some experiments and observed decreased responses in ICOS Ϫ/Ϫ mice compared to C57BL/6 mice in all experiments (data not shown). Based on these initial findings, we used the F1 mice (Nramp matched) as the control strain for the studies described here.
Bacterial infection of mice. S. enterica serovar Typhimurium strain x4550 containing plasmid pYA3149-OVA was obtained from Marc Jenkins (University of Minnesota, Minneapolis) (7) . The presence of the chicken ovalbumin gene in bacteria was confirmed by PCR, and the expression of OVA was confirmed by Western blot analysis (data not shown). S. enterica serovar Typhimurium was grown overnight in Luria-Bertani (LB) medium, washed twice in phosphatebuffered saline (PBS), frozen, and stored at Ϫ80°C. For infection, aliquots were thawed and grown in LB medium at 37°C overnight with aeration. The concentration of bacteria was determined by determining the optical density at 600 nm (OD 600 ) (0.1 OD 600 unit was equivalent to 2 ϫ 10 8 bacteria/ml), and 10 5 bacteria in 200 l of PBS were injected intraperitoneally (i.p.) into 6-to 8-week-old C57BL/6, (C57BL/6 ϫ Sv129) F1, and ICOS Ϫ/Ϫ mice. For determination of bacterial burdens in organs, mice were killed at various times. Livers and spleens were homogenized in PBS, serial dilutions of homogenates were plated on LB agar plates, and colonies were counted after overnight incubation at 37°C.
Flow cytometry. For tetramer staining, cell suspensions were prepared in PBS-2% fetal calf serum (FCS)-0.01% sodium azide on ice. Cells were surface stained with one or more of the following antibodies: allophycocyanin (APC)-conjugated anti-mouse CD8, APC-conjugated anti-mouse CD4, phycoerythrin (PE)-conjugated anti-mouse Mac-1, fluorescein isothiocyanate-conjugated antimouse CD62L, and PE-labeled tetramers consisting of murine class I major histocompatibility complex (MHC) molecule H-2K b , ␤ 2 -microglobulin, and the chicken ovalbumin peptide SIINFEKL (Beckman Coulter, Fullerton, CA). For each experiment, appropriate isotype control monoclonal antibodies (mAb) were used.
For intracellular gamma interferon (IFN-␥) staining, spleen cell suspensions were restimulated in culture medium (RPMI-10% FCS with antibiotics and 2-mercaptoethanol) for 6 h at 37°C with 1 M SIINFEKL peptide and GolgiStop (BD PharMingen, San Diego, CA). Cells were harvested, resuspended in PBS-2% FCS-azide, and surface stained with PE-conjugated anti-CD8 and fluorescein isothiocyanate-conjugated anti-CD62L as described above. Following surface staining, cells were fixed in a Cytofix/Cytoperm solution (BD PharMingen) and then stained with APC-conjugated anti-mouse IFN-␥ diluted in 1ϫ perm/wash solution (BD PharMingen). Samples were analyzed using a FACSCalibur and the FlowJo software (Tree Star Inc., Ashland, OR) Cytotoxicity assay. Mice were infected with 10 5 S. enterica serovar Typhimurium x4550(pYA3149-OVA) cells as described above. Splenocytes were harvested after 3 weeks, resuspended to a concentration of 10 7 cells/ml, depleted of adherent cells, and incubated with 51 Cr-labeled EL4 cells that had previously been pulsed with 50 M SIINFEKL peptide. Serial threefold dilutions of antigen-specific effectors (referred to as dilution of the standard culture) were assayed for anti-OVA-specific cytotoxic T-lymphocyte (CTL) activity against the EL4 targets. After 5 h, 70 l of supernatant was transferred onto 96-well Luma plates (Perkin-Elmer, Mississauga, Ontario, Canada), and counts were obtained with a Topcount scintillation counter (Canberra Packard). The maximum spontaneous release was determined with wells that contained 1% sodium dodecyl sulfate or medium alone. 6 heat-killed Salmonella cells for 96 h. Supernatants were obtained, and the levels of IFN-␥ were measured. An enzyme-linked immunosorbent assay (ELISA) was performed with diluted supernatants from cultures using pairs of anti-murine IFN-␥ mAb purchased from BD PharMingen, which were used according to the manufacturer's instructions, and values were converted to ng/ml based on comparison with a recombinant standard.
Lymphocyte purification. For T-cell isolation, adherent cells were depleted by incubation at 37°C in polystyrene tissue culture plates (Falcon, Becton Dickinson Labware). Total T cells or CD4 and CD8 T cells from naïve C57BL/6 and ICOS Ϫ/Ϫ mice were isolated by depletion of unwanted subsets using T-cell purification columns (Cedarlane Laboratories, Hornby, Ontario, Canada).
CFSE proliferation assay for the costimulatory function of ICOS. T cells were stained with 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR) as previously described (22) . In brief, cells were resuspended in PBS at a concentration of 5 ϫ 10 7 cells/ml. CFSE was added to the cell suspension at a final concentration of 2.5 M and incubated for 10 min at 37°C. Cells were washed twice in PBS-10% FCS and recounted. Then 1 ϫ10 6 total T cells or CD4 and CD8 T cells (as indicated below) were cultured in 24-well flat-bottom plates (Falcon, Becton Dickinson Labware) that had previously been coated with antibodies as follows. The plates were first coated with anti-hamster IgG (10 g/ml) at 37°C for 2 h. Then the plates were washed with PBS, incubated with a mixture of anti-ICOS mAb (5 g/ml) or hamster IgG (5 g/ml) and anti-CD3 mAb (0.5 g/ml), and incubated at 37°C for 2 h. For stimulation with anti-CD3 and anti-CD28, the wells were coated with 1 g/ml of anti-CD3 and 10 g/ml of anti-CD28 overnight. Cells were incubated for 2 to 3 days (as indicated below) and were analyzed by flow cytometry.
Statistical analysis. Where indicated below, a statistical analysis was done with the unpaired two-tailed Student t test with 95% confidence intervals.
RESULTS

Splenomegaly in ICOS
؊/؊ mice. To analyze the role of ICOS in the response to a prolonged infection with an intracellular bacterial pathogen, (C57BL/6 ϫ Sv129) F1 and ICOS Ϫ/Ϫ mice were infected i.p. with 10 5 S. enterica serovar Typhimurium x4550(pYA3149-OVA) (Salmonella-OVA) cells. F1 mice were chosen in order to allow matching of the Nramp1 status of the mice (see Materials and Methods) (29) . We used the ovalbumin-transfected strain of Salmonella as this made it possible to use MHC tetramers to monitor CD8 T-cell responses to the bacterially delivered antigen (see below). Although Salmonella normally infects via the gastrointestinal route, the organism can escape from the intestine and cause potentially fatal systemic infections (12) . To mimic this systemic infection process, we used i.p. infection of mice. This resulted in dissemination of bacteria to the liver and spleen, as well as the development of immune responses in the spleen, the site of immune responses to blood-borne pathogens.
At several times postinfection, mice were sacrificed, and the CD4 T-cell responses to Salmonella-OVA are decreased in ICOS ؊/؊ mice. To assess the role of ICOS in the antigenspecific CD4 T-cell response to Salmonella, we restimulated splenocytes from Salmonella-OVA-immunized (C57BL/6 ϫ Sv129) F1 and ICOS Ϫ/Ϫ mice with the MHC class II restricted OVA epitope peptide (OVA 323-339 ) or with heat-killed Salmonella and measured the IFN-␥ production by an ELISA as described in Materials and Methods. Stimulation with heatkilled Salmonella results in antigen accessing the MHC class II processing pathway for activation of CD4 T-cell responses. Although splenocytes from infected ICOS Ϫ/Ϫ mice produced detectable levels of IFN-␥ under either stimulation condition, the levels were significantly lower than the levels produced by (C57BL/6 ϫ Sv129) F1 mice ( Fig. 2A and B) . This profound defect in IFN-␥ production by CD4 T cells from ICOS Ϫ/Ϫ mice was observed whether we used restimulation with heat-killed Salmonella or OVA peptide restimulation (Fig. 2B) . Thus, ICOS plays an important role in the IFN-␥ response of CD4 T cells responding to Salmonella epitopes, as well as OVA epitopes carried by Salmonella. We also assayed production of interleukin-4 by the CD4 T cells, but the levels were below the limits of detection (data not shown).
The decrease in antigen-specific IFN-␥ production by CD4 T cells from ICOS Ϫ/Ϫ mice could have been due to either a decreased level of IFN-␥ in each activated T cell or decreased numbers of activated T cells or both. As indicated above, the numbers of CD4 T cells in the spleens of infected ICOS Ϫ/Ϫ mice were actually greater than the numbers of such cells in the spleens of infected WT mice. As downregulation of CD62L is one of the markers of T-cell activation, we examined expression of CD62L on WT and ICOS Ϫ/Ϫ CD4 T cells. We observed a significant decrease in the percentage of CD62L low (activated) CD4 T cells in ICOS Ϫ/Ϫ mice. However, conversion of these frequencies to total numbers of activated T cells in the ICOS Ϫ/Ϫ mice revealed that the increase in overall CD4 T-cell numbers compensated for the lower proportion of these cells (2C). These data suggest that ICOS Ϫ/Ϫ CD4 T cells are activated but fail to produce IFN-␥ in response to antigen. Thus, ICOS plays an important role in induction of IFN-␥ by Salmonella-specific CD4 T cells, which likely contributes to the delayed clearance of Salmonella-OVA.
Impaired antibody class switch to IgG2a in ICOS ؊/؊ mice in response to S. enterica serovar Typhimurium. To analyze the role of ICOS in the antibody response to Salmonella, we examined sera from infected (C57BL/6 ϫ Sv129) F1 and ICOS Ϫ/Ϫ mice and compared them to sera from naïve mice at different times (Fig. 3) . High levels of Salmonella-specific IgM were detected in both groups of infected mice in the first week postinfection. At the later times, the levels of IgM decreased slightly, but they remained above the background level throughout the response. IgG2a was not detectable until day 21 postinfection. At this time the IgG2a levels in ICOS Ϫ/Ϫ mice were significantly lower than those in the (C57BL/6 ϫ Sv129) F1 control. High IgG2a levels were maintained in (C57BL/6 ϫ Sv129) F1 mice, which is consistent with a Salmonella-induced Th1 response. The IgG2a levels remained low in ICOS Ϫ/Ϫ mice on day 36 postinfection (Fig. 3) . No signifi- Ϫ/Ϫ mice exhibit impaired IgG2a isotype class switching in response to Salmonella-OVA. ICOS Ϫ/Ϫ and (C57BL/6 ϫ Sv129) F1 mice were infected as described in the legend to Fig. 1 , and sera were taken on days 7, 14, 21, and 36 postinfection. The isotypes of the antibodies specific for S. enterica serovar Typhimurium x4550(pYA3149-OVA) from the serum samples were determined by an ELISA as described in Materials and Methods. The data are averages Ϯ standard errors of the means for three to five individual mice at each time and are representative of three similar experiments. NMS, normal mouse serum. Ϫ/Ϫ mice were sacrificed at different times postinfection, and spleen cells were analyzed to determine the number of antigen-specific cells using fluorescence-labeled K b /SIIN-FEKL tetramers. Expansion of antigen-specific CD8 T cells was not detectable in infected mice until 3 weeks after infection ( Fig. 4A and B) . At 21 days after infection, ICOS Ϫ/Ϫ mice had a significantly lower percentage of antigen-specific cells. This defect was also evident on day 36 ( Fig. 4A and B) . Conversion of the percentages to total numbers of tetramer-positive T cells per spleen based on cell recovery revealed a similar trend, with reduced overall antigen-specific CD8 T-cell numbers in ICOS Ϫ/Ϫ mice in all experiments. In order to assess the effector function of the CD8 T cells following Salmonella-OVA infection, splenocytes from the infected mice were analyzed by intracellular staining for the production of IFN-␥ after 6 h of restimulation with the SIIN-FEKL peptide (Fig. 5A ). As observed with tetramer-positive cells, following restimulation with the peptide no IFN-␥-producing CD8 T cells were observed during the first 2 weeks of infection (data not shown). At day 21 postinfection, ICOS Ϫ/Ϫ mice had detectable IFN-␥-producing CD8 T cells, but the frequency was significantly lower than that observed in (C57BL/6 ϫ Sv129) F1 mice (Fig. 5A) . Similar results were obtained at day 36 (data not shown).
Cytotoxic activity is another indicator of CD8 effector function and may play a role in controlling S. enterica serovar Typhimurium infection by killing cells harboring the bacteria. We analyzed the ability of CD8 T cells from infected mice to lyse SIINFEKL-pulsed syngeneic targets on day 21 postinfection in a direct ex vivo chromium release assay. We used the direct ex vivo assay rather than a restimulation assay so that the results would more closely reflect the in vivo situation. This probably accounts for the overall low level of cytotoxicity. Nevertheless, it is clear that splenocytes from (C57BL/6 ϫ Sv129) F1 mice were able to kill targets at levels significantly higher than the levels observed for splenocytes from naïve mice. In contrast, splenocytes from ICOS Ϫ/Ϫ mice showed only a low level of killing, which was reduced to background levels at lower effector-to-target cell ratios (Fig. 5B) . This observation probably reflects the decreased number of antigen-specific CD8 T cells in ICOS Ϫ/Ϫ mice, as shown by tetramer staining. Thus, the quantitative defect in CD8 T-cell expansion in ICOS Ϫ/Ϫ mice may result in a reduced ability of CD8 T cells to clear an S. enterica serovar Typhimurium infection.
Agonistic anti-ICOS antibody can provide direct costimulation of CD8 T cells. Limited data are available on the direct stimulation of CD8 T cells by ICOS (46) . In order to confirm that ICOS can directly stimulate CD8 T cells, we purified CD4 and CD8 T cells from wild-type and ICOS Ϫ/Ϫ mice and plated them separately onto plates coated with either anti-CD3 plus anti-ICOS or anti-CD3 plus hamster IgG. After 48 h of incubation, a greater proportion of wild-type CD4 T cells that had been stimulated with anti-CD3 plus anti-ICOS than of cells that had been stimulated with anti-CD3 plus control Ig alone divided (Fig. 6A, top panels) . Similar effects on cell division of CD4 T cells were observed in the presence or absence of CD8 T cells (Fig. 6A , top and middle panels). As expected, ICOS Ϫ/Ϫ CD4 ϩ T cells failed to respond to anti-ICOS stimulation (Fig. 6A, bottom panels) . Approximately 45% of wildtype CD8 T cells that were plated onto wells coated with anti-CD3 plus anti-ICOS showed evidence of cell division (Fig.  6B, top right panel) , whereas ICOS-deficient CD8 T cells failed to show increased cell division in response to anti-ICOS. Thus, ICOS stimulation on CD8 T cells can provide a direct costimulatory signal, leading to cell division.
CD8 T-cell defects in ICOS Ϫ/Ϫ mice could be caused by the absence of ICOS on CD8 T cells or by the lack of help from poorly activated CD4 T cells. To examine the indirect effects of ICOS stimulation of CD4 T cells on CD8 T-cell responses, we compared the CD8 T-cell responses to anti-CD3 plus anti-ICOS in cultures in which only the CD4 T cells expressed ICOS and in cultures in which only the CD8 T cells expressed ICOS (Fig. 6B) . Addition of WT CD4 T cells to WT CD8 T cells had little or no effect on ICOS-dependent CD8 T-cell division, as the response to ICOS stimulation was 5.6-fold greater in the absence of CD4 T cells and about 4-fold greater in the presence of CD4 T cells compared to the response with anti-CD3 alone (Fig. 6B, top and third rows of panels) . Addition of WT CD4 T cells to ICOS-deficient CD8 T cells had a modest effect on CD8 T-cell division (Fig. 6B , second and fourth rows of panels). Although small, the increase was reproducible in two independent experiments at two times each, suggesting that ICOS-deficient CD8 T cells can receive help from ICOS-sufficient CD4 T cells. There was also similar enhancement of CD8 T-cell division in response to ICOS Ϫ/Ϫ CD4 T cells. Taken together, these data suggest that in this in vitro culture system, direct effects of ICOS on CD8 T cells are more substantial than indirect effects on CD8 T-cell division. ICOS ؊/؊ mice exhibit delayed clearance of Salmonella-OVA in the spleen and liver. The data in Fig. 1 through 5 indicate that ICOS influences IFN-␥ production by CD4 T cells, a class switch to IgG2a, and CD8 T-cell responses to Salmonella-OVA. To determine whether these defects have an outcome in terms of controlling infection, bacterial titers in spleens and livers of infected mice were determined at different times postinfection (Fig. 7) . ICOS Ϫ/Ϫ mice had significantly increased bacterial titers at days 14 and 21 in both the spleen and liver. By day 36, there were no detectable bacteria in the WT mice, but a low level of Salmonella cells persisted in the organs of the knockout mice (1,200 Ϯ 260 CFU/spleen and 80 Ϯ 15 CFU/liver) (Fig. 7) . The delayed clearance of Salmonella by ICOS Ϫ/Ϫ mice suggests that ICOS has a role in controlling Salmonella infection in mice.
DISCUSSION
In this study we examined the role of ICOS in the immune response to Salmonella-OVA. We found that the optimal immune response to S. enterica serovar Typhimurium requires the presence of ICOS. ICOS Ϫ/Ϫ mice had an impaired ability to control Salmonella infection and exhibited defects in IFN-␥ production by CD4 T cells, as well as a deficiency in the antibody isotype switch to IgG2a, indicating that the Th1 re- were significantly greater than those in the wild-type controls (Fig. 7) . Although spleens from WT mice contained no detectable bacteria at day 36 postinfection, a low level of infection was still detected in the spleens and livers of ICOS Ϫ/Ϫ mice at this time. This suggests that ICOS is necessary for optimal control of Salmonella infection in mice. We also observed pronounced splenomegaly, which was greater in ICOS Ϫ/Ϫ mice. Macrophages were abundant in the spleens of infected mice at days 14 and 21 postinfection, accounting at least partially for the increase in spleen size (Fig. 1) . The increased number of macrophages in the spleen may provide a niche for Salmonella replication in the spleen and account for the slight increase in bacterial numbers in the spleens at day 21 compared to day 14 (Fig. 7) .
The numbers of activated CD4 T cells in the spleens ICOS Ϫ/Ϫ mice were equal to the numbers of activated CD4 T cells in the spleens of WT mice, but the cells were defective in IFN-␥ production (Fig. 2) . Although ICOS can directly influence CD4 T-cell division when it is tested in isolation (Fig. 6) , in vivo other costimulatory molecules, such as CD28, likely contribute to CD4 T-cell expansion. Therefore, the finding that ICOS Ϫ/Ϫ T cells are activated in response to Salmonella infection but are impaired in IFN-␥ production indicates the critical role of ICOS in CD4 T-cell-mediated IFN-␥ production in this model. Thus, the present study adds to emerging data from several infectious disease models showing that ICOS can contribute to Th1 responses, as well as Th2 responses (3, 4, 11, 18, 30, 31, 38, 45) . Figures 2 and 4 show that the ICOS Ϫ/Ϫ mice had lower levels of antigen-specific CD4 and CD8 T cells in their spleens. Paradoxically, Fig. 1 shows that the ICOS Ϫ/Ϫ mice actually accumulated greater numbers of CD4 and CD8 T cells. This implies that non-antigen-specific, nonactivated T cells are recruited in greater numbers to the spleens of Salmonella-infected ICOS Ϫ/Ϫ mice than to the spleens of WT mice. The prolonged presence of Salmonella in ICOS Ϫ/Ϫ mice may result in greater or more prolonged activation of the innate immune system, leading to higher levels of inflammatory signals. The increased inflammatory signals appear to lead to increased recruitment of leukocytes (including lymphocytes and macrophages), independent of their direct recognition of antigens, thereby accounting for greater splenomegaly in the ICOS Ϫ/Ϫ mice.
The profound defect in IFN-␥ production by CD4 T cells in ICOS-deficient mice probably has an effect on the ability of macrophages to kill intracellular bacteria. IFN-␥ production by CD4 T cells is critical in the control of Salmonella by macrophages (9, 17, 32, 35) . Indeed, recent evidence has shown that IFN-␥ is critical for producing a prolonged NO burst in the We used (C57BL/6 ϫ Sv129) F1 mice as the control WT strain in our experiments in order to match the Nramp resistance status of the ICOS Ϫ/Ϫ mice. As discussed in Materials and Methods, although the (C57BL/6 ϫ Sv129) F1 mice are not a perfect genetic match for ICOS Ϫ/Ϫ mice, we observed the same trend of decreased responses in ICOS Ϫ/Ϫ mice regardless of whether we used (C57BL/6 ϫ Sv129) F1 or C57BL/6 mice as controls. Thus, while early events in bacterial infection are likely influenced by the Nramp status of mice, the late readouts used in this study (adaptive immunity and bacterial clearance at days 14 to 36) appeared to be relatively independent of the Nramp status of the mice. Thus, it is likely that the deficiencies observed in adaptive immune responses in ICOS-deficient mice were due to the absence of ICOS rather than to other genetic differences.
While it is clear that CD4 T cells and IFN-␥ are major contributors to protection against Salmonella infection, there is also evidence of a role for CD8 T cells. For example, MHC class I-deficient ␤2 M Ϫ/Ϫ mice show increased susceptibility to Salmonella infection (21) . In the present study, we observed a significant CD8 T-cell response to OVA delivered by Salmonella in WT mice, whereas ICOS Ϫ/Ϫ mice showed a defect in OVA-specific CD8 T-cell numbers between day 21 and day 36. This defect was also reflected in the percentage of IFN-␥-producing CD8 T cells, as well as in the cytotoxicity of the CD8 T cells. In contrast to the results obtained with this model, ICOS has only a limited, transient effect on CD8 T-cell numbers late in the primary response to influenza, and there is no defect in CTL function in response to influenza or lymphocytic choriomeningitis virus infection (3). The greater effect of ICOS on the CD8 T-cell response to Salmonella compared to the effects observed in viral infection models might reflect the prolonged time course of the response to Salmonella compared to the responses in acute viral infection models or may reflect the different host cells infected by Salmonella and the viral pathogens.
Support for the involvement of ICOS in CD8 T-cell responses comes from several models (3, 13, 20, 30, 33, 45, 46) . However, in most studies it has been difficult to distinguish direct effects of ICOS from indirect effects due to CD4 T-cell help. In support of a direct effect of ICOS, ectopic expression of ICOS-L in a tumor cell line can costimulate rejection by CD8 T cells in the absence of CD4 T cells (20, 46) . In the present study, we showed that anti-ICOS mAb can provide costimulation to CD8 T cells directly in the absence of CD4 T-cell help. In fact, direct stimulation of CD8 T cells with anti-CD3 plus anti-ICOS proved to be better than ICOS costimulation provided indirectly by CD4 T cells (Fig.  6) . Thus, the decreased CD8 T-cell responses to Salmonella-OVA in ICOS Ϫ/Ϫ mice may have been due to both direct and indirect effects.
The adaptive immune response to Salmonella-OVA was slow to develop. We examined CD4, CD8, and antibody responses on days 7, 14, 21, and 36 postinfection and observed no detectable antigen-specific T-cell or IgG response until day 21. This delay in generation of T-cell-dependent immunity could have been due to interference with antigen processing and presentation by Salmonella. In macrophages, Salmonella resides inside vesicles which fail to acquire lysosomal hydrolytic enzymes or reactive oxygen intermediates, effectively allowing Salmonella to survive inside the cell (14) . This has been attributed to the ability of Salmonella to interfere with endosome maturation (26) . In addition, Salmonella prevents trafficking of MHC class II molecules to the surface of the cell, leading to defects in antigen presentation (27) . Thus, in macrophages, Salmonella interference with phagosome maturation and MHC class II surface expression, both of which are required for the effective processing and presentation of antigens, likely results in bacteria that remain hidden from the acquired immune system until sufficient shed material or dead cells accumulate to be taken up and cross-presented by dendritic cells (47) . Recently, a similar delay in activation of OVA-specific T cells in vivo was reported in a study in which OVA was delivered by Mycobacerium bovis BCG, and peak detection of OVA 257-264 -specific T cells was observed at day 21 (43) . Thus, delayed appearance of acquired immune responses due to interference with antigen presentation appears to be a common feature of intracellular bacteria such as Salmonella and mycobacteria, which cause persistent or prolonged infections.
In summary, our results suggest that ICOS is an important 
